Abstract: A forward-biased silicon-based light-emitting device (Si-LED) was designed and fabricated by standard 0.18 μm complementary metal-oxide-semiconductor (CMOS) technology without any modification. For the Si-LED, wedge-shaped electrodes and needle-like tip were designed to enhance the intensity of electric field. When the Si-LED works at high forward current, the output optical power increases rapidly with the increase of forward current, which is a non-linear growth similar to exponential. To the best of our knowledge, such a phenomenon has never been reported before. Moreover, when the forward current is at 200 mA, the optical power density reaches 32.7 nW·μm 2 , which is two or three orders higher than that of other ever reported forward-biased Si-LED fabricated by standard CMOS technology. In addition, the red shift of the main peak in the spectra of Si-LED was observed and analyzed, and also the light-emission mechanism of each peak in the spectra was given.
Introduction
With the data rate increase of integrated circuits, optical interconnections are expected to be an attractive alternative solution for overcoming the limitations encountered by electrical interconnections in the inter-chip communication, such as high crosstalk, high latencies and attenuation, etc. [1] , [2] . Inevitably, much attention has been paid to the core devices employed in optical interconnections, for instance light-emitting devices, especially the silicon-based light-emitting devices (Si-LEDs). Because Si-LEDs are compatible with standard complementary metal oxide-semiconductor (CMOS) processes and can be fabricated together with other silicon-based microelectronic devices as well as passive optoelectronic devices to form all-silicon optoelectronic integrated circuits (OEIC) [3] . Therefore, great efforts have been undertaken to improve the performance of Si-LEDs even if the light emission intensity and conversion efficiency of Si materials with indirect band gap are relatively low [4] - [9] .
Si-LEDs include two types: reverse-biased and forward-biased modes. Generally, the reversebiased Si-LEDs have emission wavelength normally located in the region of 650-750 nm, and these devices can potentially offer modulation into the GHz range due to the reverse-biased configuration and very small junction capacitance [10] . The reverse-biased Si-LEDs can be divided into three types of work modes, namely n + -p junction avalanche breakdown mode [11] , n + -p + junction Zener breakdown mode [12] , and n + -p junction Zener and surface breakdown effect mixed mode [13] . No matter what kind of working mode it is, they all belong to a kind of high-energy light emission mechanism utilizing hot carriers and thus generally demand high operating voltage [4] - [9] , which render them unsuitable for application in the very-large-scale integration (VLSI) with a typical voltage of 3.3 V. Many efforts have been carried out to reduce breakdown voltage [14] , [15] , and improve optical power density and conversion efficiency [4] - [8] , [16] - [18] . For example, the lateral p + -n-n + avalanche-mode Si-LED with a breakdown voltage near 6 V was designed [15] . And the enhanced electroluminescent was ever demonstrated through enhanced injection (current density) [16] , carrier momentum, and carrier energy engineering [17] with density up to 200 nW·μm −2 . As for the forward-biased Si-LEDs, many efforts also have been spent to fabricate new ones and improve the performance of them [19] - [27] , in which some have been processed by standard CMOS technology [9] , [23] - [27] . Compared with reverse avalanche mode, forward-biased Si-LEDs have a lower-operating-voltage, which is closed to the standard CMOS power supply voltages, typical 3.3 V for VLSI and 2.5 V or below for ultra-large-scale integration (ULSI). And they can combine with other light emission mechanisms based on Erbium doped Si, FeSi 2 -Si, or dislocation loops, because of the low operation voltage. Furthermore, the emission wavelength of them is in the region of 900-1300 nm in which Si absorbs less light. Thus Si-LED absorbs less optical power emitted by itself, which can effectively improve the output optical power, the external quantum conversion efficiency (EQE), the power conversion efficiency and the distance of optical interconnection system. However, the EQE and power conversion efficiency of them still need improved greatly [9] , [23] - [27] .
To obtain the LED with higher EQE (η ext ) and power conversion efficiency (η p ), here a forwardbiased Si-LED was designed and fabricated by standard 0.18 μm CMOS technology without any modification. Compared with the previous similar works [9] , [23] - [27] , the device exhibits two or three orders of increase in optical power density and one order of increase in η ext and η p . And also, when the Si-LED works at high current, the Si-LED exhibits nonlinearity in growth of output optical power with injection current increasing. All these imply that this is a new-type Si-LED, which may act as highly efficient on-chip light source for the OEIC [1] , [2] .
Device Structure
The structure of Si-LED is designed based on a previously proposed LED in the literature [16] , which primarily investigated the effects of injected additional carriers into n + -p junctions operating in reverse avalanche mode. As shown in Fig. 1(a) , The n + and p + active regions were all embedded in an n-well in the bulk p-substrate ( Fig. 1(b) ). Here the bulk p-substrate was connected to the ground. The heavily doped regions, including p+ and n+ active regions, are highly degenerate semiconductors, of which the electrical properties are similar to those commonly seen in a conductor, especially the point effect [23] . The surface charge density at the tip of the doped region increases with the increase of tip surface curvature, and the increased surface charge density will result in a high electric field intensity [23] . In order to enhance the intensity of electric field and light emission in the light emission areas, all active regions were designed to be wedge-shaped structures [11] . The top of one p + active region (T1) was designed to be a needle-like tip so as to increase the charge density at the tip and enhance the maximum electric field intensity by little curvature radius [16] . The two-diagonal n + active regions marked by T3 symbols were used as the electrode terminals of n-well. And the n + active regions were situated at a distance of 3.5 μm from the T1. Another p + active region (T2) was used as the modulation electrode. The sizes of the needle-like tip and wedge-shaped electrode are 0.3 μm × 1.6 μm and 7.0 μm × 7.0 μm, 
Experimental Results and Discussions

Optical Power Measurement and Analysis
Under forward-biased mode, the total forward current density J F is composed of the diffusion current in the neutral region and the drift current in the depletion region, which can be represented by Eq. (1) [28] .
where J 0 is the saturation current density obtained at V = 0, q is the electronic charge, V is the forward-biased voltage, k is the Boltzmann constant, T is the absolute temperature, and η is the ideality factor related to the slope.
The current-voltage (I-V) characteristics of the Si-LED are shown in Fig. 3 and the curve between 0.5 V and 1.5 V is plotted in the inset with semi-logarithmic coordinates. Under a low biased-voltage (V < 0.5 V), the recombination current is dominant, and the ideality factor η equal to 2 (Since the test started from 0.5 V, this part is not shown in the insert.). When the voltage increases from 0.5 V to 1 V, the electric field in depletion region is enhanced, and the diffusion current is dominant. Now, the ideal factor η equal to 1 based on Eq. (1), which can be observed from the inset of Fig. 3 . When the forward voltage is large enough, namely V > 1 V, the concentration of forward injected minority carriers is approximately equal to that of majority carriers, which satisfies the high injection conditions [28] . The drift and diffusion currents must be taken into account at the same time, and the ideal factor is 2 [28] , as shown in the inset of Fig. 3 . At greater injection current densities, while V > 1.4 V, the current will eventually be limited by the ohmic contact resistance and bulk resistance of the material. The I-V characteristic become linear in this range (1.4 V < V < 3.9 V), as shown in Fig. 3 . When the voltage continues to increase, V > 3.9 V, the growth rate of I slows down and no longer increases linearly with voltage increasing.
On the other hand, the output optical power of Si-LED was measured under different forward voltage, by a power meter (PM100D) and a germanium probe (S122C) of Thorlabs. The measuring circuit is shown in Fig. 1(a) , in which T3 and T2 are connected to ground and a positive voltage (V) is applied to T1. That means that only one of the p + -n junctions is biased at forward voltage and emits light. The output optical power-voltage (P opt − V ) characteristics of the Si-LED are shown in Fig. 3 . The variation trend of output optical power to voltage is similar to that of current to voltage at low voltage. They all nearly linearly increase with voltage increasing. However, when V > 3.9 V, the output optical power increases rapidly with the increase of voltage, which almost coincides with the slowdown of the growth rate of I (shown on the right side of the red dashed line in Fig. 3 ). The phenomenon is concluded that the increase of resistance at this region may be related to the carrier concentration decrease resulted from rapid electron-hole pair recombination. The rapid recombination of this electron-hole pair also leads to output optical power increasing greatly.
The characteristics of output optical power−current (P opt −I) and electrical power-current (P EP −I) are shown in Fig. 4 . It can be seen that, when the injected current is less than 180 mA, the output optical power increases almost-linearly with current increasing as the characteristic reported in other Si-LEDs [6] , [8] , [23] , [26] . When the injection current exceeds 180 mA, output optical power increases rapidly with the increase of forward current, showing non-linear growth which is similar to exponential. In other words, the change trend of P opt −I curve is no longer consistent with that of P EP −I curve, and obviously there is a multiplication effect in output optical power. As far as we know, such a phenomenon has never been reported before. This is mainly attributed to that the electrode shape and the small biased voltage of those forward biased Si-LEDs previously reported Fig. 4 . P opt −I and P EP −I characteristics of the p + -n junction Si-LED under forward bias.
[9], [23] - [27] , failed to make enough strong electric field intensity. Differently, in this paper, A Si-LED with wedge-shaped active regions and needle-like tip electrode was designed. The width and the thickness of this needle-like tip electrode are 0.3 μm and 0.2 μm, respectively. Then the maximum electric field intensity of this needle-like tip electrode can be calculated by Eq. (2) suitable for conductor, for that the electrical properties of the electrode as described in Section 2 are similar to those of a conductor.
where ϕ is the applied potential, and r is the radius of curvature, which is fabricated to 0.15 μm for the needle-like tip electrode. Under strong electric field, the carrier ionization rate (α) can be expressed as:
where A and B are the material constants of silicon. The multiplication factor (M ) can be expressed as follow [25] :
where α p and α n are carrier ionization rate of electrons and holes, respectively, W D is the depletion layer width. When non-linear phenomena just occur, i.e., ϕ = 3.9 V (I = 180 mA), the carrier multiplication effect caused by the needle-tip electrode is very obvious based on Eq. (2), Eq. (3) and Eq. (4). As shown in Fig. 4 , when the voltage is low, the relationship of P opt -I is approximately linear. With the increase of voltage, electric field and the concentration of electrons and holes increase. Once V > 3.9 V, the multiplication effect occurs and the output optical power enhances rapidly by electron-hole pair recombination.
The multiplication of output optical power leads to enhance of various characteristic parameters of LED. The light emission area (framed by red dashed lines in Fig. 2 ) is the n-type drift region between n + region (T3) and p + region (T1) [31] . The optical power density is defined as the optical output power per unit area and taken by follow:
where P opt is the output optical power, and S is the light emitting area. The EQE is defined as follow [28] , [29] :
where h is Planck constant, h · ν is the energy of the emitted photon, I is the forward current. The power conversion efficiency is defined as the ratio of the output optical power to the input electrical power [28] , [30] , [31] :
where V denotes the applied voltage. Based on Eq. (5), Eq. (6), and Eq. (7), the power conversion efficiency, EQE and optical power density are about 2.0 × 10 6 , 8.4 × 10 6 and 32.7 nW·μm 2 at I = 200 mA, respectively. They are higher than that of other forward-biased Si-LEDs fabricated in CMOS technology previously reported [23] - [27] , they are summarized in detail in Table 1 . The characteristic of η ext − I and P op -I of the Si-LED are presented in Fig. 5 . It can be seen that the values of η ext and P op increase with current increasing, and the growth rates of them also increase gradually along with current increasing. When the current increases from 20 mA to 180 mA, η ext increases from 2.3 × 10 −6 to 4.1 × 10 −6 linearly. Once I >180 mA, it increases rapidly and reaches 8.4 × 10 −6 at I = 200 mA. Similarly, P op increases linearly when I < 180 mA and increases rapidly when I > 180 mA, then reaches 32.7 nW·μm −2 at I = 200 mA. In addition, it is found that there was no saturation trend for the two parameters at 200 mA. That is, when the injection current continues to increase, η ext and P op will further increase. Fig. 6(a) shows the electroluminescence (EL) spectra of the Si-LED at different forward current, which were measured by a micro area EL spectrum test system (LabRAM HR800) of Horiba Jobin Yvon company at room temperature (the measuring circuit shown in Fig. 1 ). The spectral range is from 1000 nm to 1300 nm in which, when the forward current is at 200 mA, there are two large light emission peaks (LEPs) at 1100 nm (1.08 eV) and 1148 nm (1.08 eV), respectively. And the LEP at 1148 nm is the main peak. In addition, in the EL spectrum, there are another two inconspicuously protruding regions at around 1040 nm (1.195 eV) and 1180 nm (1.05 eV), which are hidden LEPs relatively weak compared with the two aforesaid large peaks (Fig. 7) . By comparing the EL spectra under different currents, it is obvious that, as current increases, the intensity of each peak increases and the position of main peak moves towards long wavelength. The redshift of main peak is derived from the energy of corresponding photons decrease (Fig. 6(b) ), which will be discussed later. From  Fig. 7 , it is found that the normalized EL spectrum of Si-LED observed at 200 mA distributes over a range wider than that at 40 mA and also the sub-peak at 1100 nm is more obvious at the high current.
Spectral Characteristic Analysis
The main light emission mechanism (LEM) of Si-LED is band-to-band recombination. The band gaps of most semiconductors decrease with temperature increasing, which can be expressed approximately by Eq. (8) [28] , [32] , [33] .
Where, for silicon, α is 4.73 × 10 −4 eV·K 1 , β is 636 K, and E g (T) and E g (0) are the band gaps at T K and 0 K, respectively. The band-gap of Si is about 1.17 eV at 0 K and 1.12 eV at room temperature under normal atmospheric pressure, respectively [28] . The background doping concentration in the drift region also has a strong impact upon the band gap narrowing phenomenon, which can be expressed by Eq. (9) [34] .
where n 0 is the carrier concentration in the drift region, and E g is the reduction of the band gap. The LEM of main peak at 1148 nm is the band-to-band recombination [35] . With the increase of forward current, the temperature and injection current density of LED devices will increase correspondingly. As expressed in Eq. (8) and Eq. (9), high temperature and high carrier density will reduce the band gap of Si. As a result, with the increase of current, the main peak shifts to low energy and redshift phenomenon appears.
When the temperature is over absolute zero, electrons reside slightly above conduction band minimum and holes lie below valence band maximum, which make the energy of emitted photons bigger than band gap. And on the other hand, the shallow level introduced by Boron or Phosphorus, the doping concentration in drift region and the phonon-assisted band-to-band transition will make the energy of emitted photons smaller than band gap [36] - [38] . The result is that the Si-LED has a wide EL spectrum. As the injected current increases from 40 to 200 mA, the EL spectrum range become wider which is caused by the strong band filling at high current injection and joule heating. And the cut-off emission wavelength also increased with junction temperature elevated [39] , [40] .
The theory of band-to-band recombination assisted by phonon is well to express the LEM of peaks at EL spectra [41] , [42] . Based on this, the LEMs of LEPs at 1148 nm and 1180 nm are the band-to-band recombination assisted by single transverse optical (TO) phonon and TO+Raman phonons, respectively [35] , [43] . The minor peak located around 1100 nm corresponds to the transition assisted by transverse acoustics phonon. The photon energy of LEP at 1038 nm is 1.195 eV larger than the band gap and the LEP is ever mentioned in the literature [24] , but the formation mechanism was not given. It is thought that the LEP is derived from hot holes in the valence band absorbing one I V (f ) 3 (TA nz ) type inter-band scattering phonons (25 meV) [41] from the silicon lattice and then recombining with electrons in the conduction band.
Conclusion
To improve the performance of Si-LED, a forward-biased Si-LED with wedge-shaped electrodes and a needle-like tip was designed and fabricated by standard 0.18 μm CMOS technology. The measurement results show that the output optical power of Si-LED increases nonlinearly along with current increasing. Especially when the injection current exceeds 180 mA, the output optical power increases rapidly with the increase of forward current, showing nonlinear growth similar to exponential, which has never been met before. Once the current is set at 200 mA, the optical power density, the EQE and the power conversion efficiency of Si-LED reach 32.7 nW·μm −2 , 8.4 × 10 −6
and 2 × 10 −6 , respectively, which exhibits two or three orders of increase in optical power density and one order of increase in EQE and power conversion efficiency, comparing with those ever reported. Moreover, it is found that there is no saturation trend for the three parameters at 200 mA. That is, when the injection current continues to increase, they will further increase. All these is because, when the LED biased at higher voltage, its structure constructed by wedge-shaped electrodes and a needle-like tip brings it with high carrier density and electric field intensity, which induce multiplication effect in optical power. In addition, the red shift of main peak with current increasing and the widening of spectra at high current are also analyzed reasonably, and the LEM of each LEP, especially the peak at 1038 nm, is also discussed. All in all, the studies on this Si-LED, especially the output optical power multiplication, are conducive to the further improvement of forward bias LEDs.
